A 3-D FEA has been carried out to determine the stress distribution in bolted double-lap bolted joints using ABAQUS CAE and compared with available closed-form equations. As friction load in bolted joint is transferred through-the-thickness, the 3-D finite element model gave more reliable stress distribution than simplistic 2-D closed form (incorporated with clamp-up). Similar trend in stress distribution were found for closed-form and FEA approaches.
Introduction
Net-tension, shear-out and bearing failures are three main types of failures that do occur in bolted joints. The specific mode of failure is dependent on the stresses developed along radial, tangential and shear plane, respectively. The present work has eliminated shear-out failure by providing sufficient end-distance in all joint systems, so reducing the current study to net-tension and bearing failure modes. Radial stresses are associated with bearing (compressive) failures of loaded hole behind bolt shank and tangential stresses are associated with net-tension failures. This paper discusses the stress distribution in woven fabric GFRP plates for different joint configurations. It starts by identifying a closed-form equation available for the stress field around bolted joints that will be used to compare with the numerical results from the authors FEA 3-D model. The latter model explicitly includes frictional load transfers and is expected to more reliable than the simpler analytical equations. Parametric studies associated with different bearing stress and bolt force are discussed and compared with the analytical predictions. This paper extends the 2-D woven fabric bolted joint [1] modelling into 3-D bolted double-lap joint modelling, incorporating the effect of the bolt tension from application of a tightening torque (i.e., the clamp-up condition). The idealisation used in the 2D models for interaction with the bolt and the friction were found to be too simplistic. The 3-D modelling presented here has improved on this by explicitly including all parts of the joint using contact surfaces with friction to control the interaction of the parts. A complex stress function method was adapted to anisotropic materials by Lekhnitksii [2] for stress distributions with stress raisers. Pin-loaded holes in orthotropic plates were solved by classical approximation solution method by Waszczak and Cruz [3] and superposition method by De Jong [4] . 
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De Jong's superposition [4] was primarily formulated for isotropic material with pin loading but can be applied to quasi-isotropic composite materials. The pin was assumed rigid; the uniformly distributed load (remote stress) in the plate was applied at an infinite distance and a cosinusoidal radial stress distribution represented the pin-hole interaction. The solution was obtained as the combination of the two load cases shown in Figure 1 . Firstly, a pin-loaded hole, where loads with the same direction and value were applied at the plate edges. The series coefficients were calculated using the boundary conditions in the assumed loaded zone of the hole. The other case was an open hole where loads with the same value but with opposite directions were applied at the plate edges.
Smith [5] developed a simple 2-D stress analysis incorporating the effect of the bolt and the washers to model elastic stress field in the vicinity of pin-loaded hole, based on extension of superposition method by De Jong [4] . He considered a pin loaded hole (similar to the middle plate of double-lap joint) in an isotropic plate of large width. The equations also assume a rigid bolt and that the washers remain perpendicular to the bolt axis. Stress distribution in radial direction is calculated by combining Eq. (1), following Bickley [6] , and Eq. (3), similarly the tangential stresses is given by combining Eq. (2), again following Bickley [6] , and Eq. (4) given below, 
where, is in-plane Poisson's ratio and = 0.5 * * . Terms and are distance from the centre bolt axis and the hole (bolt) radius. Other terms used in Eq. (1) - (4) are expressed as follows Eq. (5) -(9):
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is the sum of the two components, with the clamping force due to initial bolt tensioning and the clamping force resulting from resisted lateral expansion of the laminate. In this way, the bearing stress on the composite, , includes the effects of frictional load transfer given in (6) .
Comparison between Analytical and FEA Modelling
This study involved the analysis of 3-D models of GFRP 8-harness satin lay-up in double-lap joints systems. Stress distributions in radial and tangential directions along hole circumferences with a bearing stress of 500 N/mm 2 and variations in the bolt tension are compared with stresses from the analytical Eq. (1) Physically, friction loads are transferred through all contact surfaces under the washers. During early stages of applied bearing load the composite plates showed full load transfer via friction. When friction is overcome at approximately 2 = , the connection force P are partially transferred through friction and partially through bearing. In a double-lap joint, it is assumed that uniform stresses are exhibited throughout the plate thickness. A net-tension failure is associated with local tensile stress. On the other hand, bearing failures are associated with compressive stresses on the part of the hole in contact with the bolt. Figure 2 and 3 display the results from analytical and 3-D FEA models. From the analytical approach at low bearing stresses, the radial stress around the bolt perimeter is tensile. This is physically unrealistic but is due to the second term in Eq. 4 being negative, when 2 < . This is also observed in early stage of tangential stress distribution where the stresses from the analytical solution are slightly negative (again physically unrealistic). 3-D models are able to model the full friction transfer condition correctly giving zero stress in radial and tangential direction around the hole perimeter for low levels of bearing stress. The analytical solution also showed the maximum radial stress occurs on the bearing plane (0º on hole boundary) but 3-D FEA models showed this to shift about 45°. This is expected because analytical solution is unable to include friction load transfers effect of frictional contact between the bolt and the hole. A similar trend to for the radial stress distribution from FEA was also found by Yavari et. al. [7] .
The slightly higher values tangential stress obtained from FEA are, at least, in part, because the analytical solution has not been corrected for finite width effects. As can be observed from Figure 3 (a) and (b), increased clamping force will reduce both the radial stress and tangential stress. Figure  3 (c) shows the tangential stress along net-section; for a fixed bearing stress the tangential stress reduced with bolt load. With fixed bearing stress, lower bolting forces increase the tangential stress concentration. In summary, while there is reasonable consistency between the trends of the two approaches, these comparisons suggested that the 3-D finite element model intuitively that is to incorporate load-transfer mechanisms than the simplified analytical approaches.
Summary
3-D models are able to include friction load transfer explicitly, leading to a more representative simulation. The 3-D models were able to include the bolt load and friction load transfer directly. Stress distributions from analytical equations were compared with 3-D FEA models, similar trend in stress distribution were found. Following this, 3-D models were then developed for strength prediction on double-lap joints and single-lap joints.
